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L INTRODUCTION

The determination of the loudness of noise has progressed
so much during the last decade that the loudness can now be either
calculated from a measured frequency distribution [1]L [2], or
it can be measured directly [3]. Therefore, 1t could be assumed that
one has completely solved the problem of gquantitatively characteri-
zing nolses with respect to hearing. However, general experience
shows that it is not only the loudness which 1is important for the
effect of disturbing noise on humansl Everyone probably agrees
that a sine tone when applied for hours to a room has a much
more disturbing influence than a wide band noise having the
same loudness. In order to describe this effect, the concept
of "bothersomeness'" of a nolse has been introduced which must be

distinguished from its loudness.

Many experiments have been carried out to defermine the
bothersomeness of a noise and express it in numbers, in addition

to determining the loudness. Most of the experiments, such as
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those carried out by Rademacher [4], Niese [5], Kryter [6]),

Zwicker [7] led to no unique determination of the bothersomeness in

the case of continuous noise. Except for pulse sequences, the
evaluation of the bothersomeness was always the same as the
evaluation of loudness. Zwicker [8] therefore recently stated
one should no longer wait for a bothersomeness scale and one

should use the loudness scale, which is already available.

It has been stated many times that the bothersomeness is a
concept which is not defined enough, because 1t depends on =20
many psychological influences and coincidences. Therefore, one
should not expect any direct relationships between the physical
magnitudes associated with a noise and the bothersomeness.

In the following we will use a somewhat narrower concept,
which we will call the "annoyance'". By this we mean a measure

for the human evaluation of continuous noise for continuous tones.

The evaluation is restricted to cases in which there are no
psychological effects. Essentially we wish to aid the practical
acoustics researcher in answering an everyday problem. This 1is
the problem of determining the effects of nolses having dgifferent
frequency compositions and different time sequences. For example
these are the noises of traffic, industrial factorles or neighbor
apartments. These are the noises which human beings sense over

long time periods.

In the following we will establish a method with which 1t 1is
possible to describe this annoyance using hearing experiments.
Apparently this can be done in a reproducible way. One finds
that the evaluation is different from the loudness evaluation.
The method is applied to the treatment of a special problem, the
annoyance of band pass noise of varying frequency bandwidthsl.
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2. MEASUREMENT METHOD

The contradiction between practical experience and the nega-
tive results of the already mentioned numerous experiments for
establishing the bothersomeness component [4, 5, 6, 7] can only
be explained by the fact that the test conditions in the mentioned
experiments did not coincide with the conditions used to collect
practical experience. Two deviations are remarkable: the
effective time duration of the noise and the spatial conditions
were different. In order to perform accurate experiments and in
order to provide reproducible conditions, loudness comparisons
were carrled out for short signals which lasted about one second
in a free acoustic field or with earphones. It is apparent that
the concept of bothersomeness of a noilse 1s closely related with
a long duration of the noise. A noise which lasts only one
second cannot have a bothersome effect, if we exclude a possible
surprise or scaring effect, which did not occur in these experi-
ments. Therefore, it seems that one of the first requirements
for annoyance experiments is that the noise being evaluated shoulad
have a long duration. Whether or not the disturbing sensation
is influenced by whether the noise exposure occurs 1in a free
acoustic field or in a diffuse acoustic field cannot be evaluated
immediately. In the experiments carried out, we also consider

thls possible influence.

A large number of test persons, usually between 10 to 15
persons, and sometimes even 50 persons were exposed to the noise
in the form of a continuous noilse lasting between 1/4% to 1/2 hour.

The experiments were carried out in normal rooms with volumes

between 50 m3 and 500 m3

1/2 and 1 second. The acoustic pressure level at the location of
the test persons was about 70 dB. This noise was interrupted.

> and the reverberation times vary between



once in a while for a short time, and two times a compariscn
noise was introduced for 1 second to 2 seconds, twice separated
by a short time interval. Figure 1 shows a schematic representa-
fion. The level intensity of the comparison noise was varied.
The test persons had to decide whether they were more annoyed

by the constant noise or by the comparison noigse. The result

was entered in a table. The sound was radiated at various level

values, classified according to ten intervals of 5 dB each. The

~
A
L)

high and low level values had a random time distribution.

The comparison noise consisted of a wide band noise with a width
of about four octaves extending from 250 Hz to 4000 Hz. The
frequency distribution is shown in Figure 2. The results were
used to determine the acoustic level at which the long duration
noise and the comparison noise were found to have the same
annoyance. Figure 3 shows the evaluation for two examples.

The average value was then found from the results of all the
test persons. An acoustic level measurement arrangement which
integrates over time and space (see [9]) was used to determine
the wvalues of the accustic level and 1ts frequency distribution

near the test person in the room.

As a measure for the annoyance of a noise in the experiment,
we introduce the annoyance level LSt (in dB). Numerically it is
assumed to be the same as the acoustic level L_ in dB(A) of the
test noise which in the described experiment will be sensed to
have the same annoyance as the nolse being evaluated. In order
to have a direct comparison with the loudness evaluation, we also
caleulated the loudnesses of the long duration nolse (AD) and that
of the comparison noise (Av) determined to have the same annoyance.

We then calculated the difference

Adg=Ay- ., (1)
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first tests were therefore
carried out with sine tones.

Figure 2. Frequency distribu-
tion for the wide band noise

used in the experiments described
in Figure U4 confirmed our expectations.

Unexpectedly, they

Figure Y4 shows the frequency

distribution of the evaluations
of 49 persons on the annoyance of a 2.5 kHz sine fone. The absclssa
is the difference AAg, that is the difference between the calculated
loudness of the comparison noise and that of the sine tone, when
both are sensed £o have the same degree of anncoyance. 0On the
average, this difference amounted to 18 phon. The statement
reliability of the "untrained" test persons is relatively high.
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More than 80% of all the evaluations were within a *5 4B range.
Therefore, the obvious objection that such an experiment was too
inaccurate because of the strcng local scatter of the sine fone,
did not apply. Numerous experiments in various rooms and with /327

various test persons continued to confirm this result.

4, CLASSIFICATION ATTEMPT

Psychologists objected to comparison experiments. In the
rresent case such objectlons are especially appropriate because
we are comparing two different things. We are comparing a long
duration signal and a short signal. However, we were able to
partially counter the objection of the influence of time, because
the test persons surprisingly‘}eached a similar conclusicn when
we used a wide band noise and a short duration infterspersed sine
tone comparison noise as the long duration noise, instead of
the sine tone alone. According to Figure 4, it was found that
the sine tone having the same amount of annoyance was 12 dB
softer than the nolse. In order to carry out a better comparison,
Figure U shows not Alg, for this test result, but instead we
have plotted.whoisef— Asinep'
Hoermann and von Eiff [13], an attempt was made to compare the

Accbrding to a suggestion of

sine tone and the wide band nolse for annoyance without a direct
comparison. For this, the noise being evaluated was again used

on the test persons in a normal room, at various level intervals
of 5 dB between 5C dBland 90 dB, and thejsequence of the intervals |
was completely random. The individual noise intervals were each
offered for approximately one minute. The fest persons had to
classify the nolse being evaluated according to the following
evaluatlon stages:

1 Harmless

Small dégree of annoyance
Annoying

Very annoying

Extremely annoylng

= w ha



If desired, they could also assign intermediate marks.
The first group of test persons was first exposed to the sine
tone and then they were exposed to the wide band noise 1n a

later experiment.

In another test group, also consisting of between 10 and 15

persons, the order was reversed so as to compensate for a possible

influence of the first experiment on the second experiment. However,

it was found that there were no systematic influences. Figure
5 shows the results obtained for the three test groups. The
abscissa is the loudness calculated from the acoustic level and

the frequency distribution according to Zwicker [1]. The ordinate

is the evaluation marks averaged over all of the test persons.
First of all 1t is remarkable that the opinions of the different

groups, however averaged over 10-15 persons, are remarkably close.

Therefore it 1s possible to evaluate continuous noises in this
way. Figure 6 shows an average from the results of the three
test groups. The most important result is the fact that the

sine tone and the noise were not found to have the same degree

of annoyance for the same loudness. Instead, the same evaluatlon

mark is reached when a sine tone is about 15 phon softer than

a wide band noise.

Therefore, the evaluation according to the classification
has given the same qualitative result as was found with the
arrangement described in Sectlon 2. The difference in the loud-
ness of the noise and the sine tone which were found to have the
same degree of annoyance was found to be 15 phon (GD) according
to the classification. According to the comparison method of
Section 2, this difference is 18 phon (GD).

If the evaluation of the noise and the evaluation of the
sine tone are not plotted against their loudnesses but againsgt
their acoustic level, we find only a small difference in the
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‘Figure 6. Classification of the annoyance of a 1000 Hz sine tone
(Curve a) and of a l-octave wilde band noise (Curve b) for
different loudness levels 1n a room. Average values for 45
test persons
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Figure 7. Classification of the
annoyance of a 1000 Hz sine tone
(Curve a) and of a l-octave wide
band noise (Curve b) for various
values of the acoustic level in
a room (values of Figure 6)

evaluation of the two noises.
This can be seen in Figure 7.
The difference amounts to only
2 dB to 3 dB. It is found that
the sine tone is more annoying
than the wide band noise for

the same acoustic level.

5. THE INTERPRETATION OF EFFECT

Compared with the loudness
comparison according to DIN 1318,
the annoyance comparison differs
in three respects. Differences
occur in the time duration, the
spatial conditions and the
evaluation as to "annoying" or

"loud". In the following we will

discuss the individual influences using special experiments.

Time duration

5.1.

In order to determine the importance of the time duration

for the evaluation, earphones were used to carry out loudness

comparisons between sine tones and wide band noise.
of each signal was changed widely.
conditions are shown in Figures 8 and 9.

The duration
The details of the test
Figure 8 shows the

loudness increase for a 1000 Hz tone, if instead of using the

same time interval for the sine tone and the noise, the duration

ty

of the gine tone is increased. As could be expected according

to investigations of Kryter [6], the loudness increases with the

gignal time duration.
increase as reported by Kryter.
the Time tl was increased.
overall increase is 8 dB.
10

However, we did not find such a large

We found 4.5 dB increase when

For very long times, we find that the
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noise (b)
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an anncyance evaluation

If the same experiment is made wlth no noise, by varying
the duration of the noise and holding the duratlion of the sine
tone constant (see Figure 9), we find a different result. As
shown in Figure 9 in this case the noise loudness almost does not
increase in this case as the nolse signal is made longer. The
loudness impression therefore increases only for the sine tone
and not for the noise. At this time we are not able to give

an explanation for this result.

5.2. The influence of the room

Numerous loudness comparisons between a 1-kHz or a 2.5-kHz
sine tone and wide band noise were made in rooms and both signals
were applied about one second to two seconds. We found the con-
sistent result that the loudness of a sine tone, compared with
that of a wide band noise, was always larger in a room than
when calculated according to Zwicker. Figure 10 shows the
frequency distribution of the evaluations of 45 persons. The
abscissa is the loudness 1ncrease for the 2,5-kHz sine tone

compared with the computed value. The experiments were compared

13



by pairs, and in one experiment the sine ftone was held constant,
and in the next experiment the nolse was held constant. The
loudness of a sine tone is therefore 10 dB higher on the average

than according to the calculation.

What is the basis of this space influence? The acoustic
level of a sine tone at the ear of an observer varles greatly in
a room, as soon as he moves his head somewhat. TFlgure 11 shows the
time variation of the level for a 1000 Hz sine tone and for a
k-octave band path nolse, when the observer moves slowly. It 1is
perhaps important that the phase difference between the ftwo
ears/ has considerable time fluctuations in the case of sine
tones. One can attempt to demonstrate the influence of this
effect on the loudness impression by carrying out loudness com-
parisons in the earphones, where the sine tone 1s transmitted
stereophonically from the room. Experiments carried out did

indeed show that there was a loudness increase.

5.3. Influence of the guestion posed

In addition to the influence mentioned, it can be important
whether or not the test person was asked to determine "loudness™
or "annoyance". Therefore we carried out different experiments
- during which a group asked to determine one of these qualities
was then asked to determine the other one. The results are not
completely uniform. As long as short signals were presented,
the type of question posed is not important. As soon as the sine
tone is maintained econtinuously in a room, it is evaluated more
unfavorably when the annoyance level 1s requested. In this /330
connection 1t is important to consider the result of an experi-
ment described in Section 4. For this a test group of 15
persons was used which had not yet performed any acoustic
comparison experiments. In this way we wanted to avoid any

prejudice because of earlier experiments. Just like in the

14



tests described in Section 4, this group was first offered a
1000 Hz sine tone and later on a wide band noise as a continucus
noise and at various level intervals. The test persons were
asked to evaluate the "loudness" according to five prescribed

evaluation marks

1 Quiet

2 Not so loud

3 Loud

4  Very loud

5 Extremely loud

Figure 12 shows the average evaluation of the test persons.
The evaluation mark for one level interval each is shown as a
function of loudness. As already discussed in Section 4, this
was calculated aceording to DIN 45 631 from the measured acoustic
level values, as described by Zwicker [1]. The evaluations
determined in this way are very different from the ones deter-
mined by calculation. The sine tone appears to the test persons
to be approximately 15 phon louder than what is obtalned from
caleulation assuming wide band noise of the same loudness. The
evaluation of the loudness of the sine ftone and of the noise by
the test persons agaln would approximately colincide if instead
of the calculated loudness we would use the acoustic level as

the abscissa.

After a long rest, the test persons were asked to evaluate
the annoyance. The results are shown as the lines a' and b' in
Figure 11, It c¢an be seen that the evaluation overall is
somewhat harsher and that the difference between the evaluations
of the slne tone and the wide band noise has remained approximately

the same as for the loudness evaluation.

Summarizing we may say that the various experiments show
that there are two essential reasons for the difference between

the loudness comparlison and the evaluation of a sine fone using

15



the method of Section 2. About 8 dB can be attributed to the
influence of time (continuous tone, instead of short duration
slgnal). About 7 dB can be attributed to the influence of the
room, and probably the large time and space variations of the
level are important for the sine tone. Apparently it is not
important whether the test persons were asked to determine
"loudness" or "bothersomeness" or "annoyance',respectively.
Overall we have the impression that the discrepancy between
practical experience and loudness mentioned at the beginning of
this article can be attributed less to the difference between
"loudness" and "annoyance'". Instead 1t must be attribufed to
the different nature of the effect of the sound when it 1Is
propagated in a normal room and at the same time lasts for a
long time, instead of when short signals are radiated 1n a

free sound field. Perhaps 1t 1s necessary to use a modified
loudness concept for contilnuous noise instead of the concept of

annoyance in order to interpret the phenomena.

6. ANNOYANCE OF NOISE WITH DIFFERENT FREQUENCY BANDWIDTH

According to the method given in Section 2 we investigated
the annoyance of noise having different frequency band wildths.
The noise to be evaluated was imposed on a test group of between
10 to 15 male test persons (ages 16 to 18 years) 1n a 128 m3
room with an average reverberation time of about 0.5 seconds.

The tests were carried out with several groups. The nolse had

a bandwidth of 1/10 octave up to 4 octaves.| The central
frequency was 1000 Hz. In addition we also investigated a sine
tone at the mentioned frequency. A four octave wide band noise
was used for a short duration comparison nolse, and its acoustic
level had been found %o characterize the annoyance when comparison
nolse and continuous noise had been evaluated to have the same

degree of annoyance.

16



The frequency distribution of several noises evaluated to
have the same degree of annoyance using this method is shown in
Figure 13.

In Figure 14, Curve a represents the anncyance level LSt for
various noises having the same loudness Ap calculated according
to Zwicker [1]. Since the noises did not have the same
loudness during the measurement, the values were recalculated
for the same loudness and it was assumed that within the small
range of variation, a change in Ap would correspond to the same

change in LSt'

Figure 14 shows that noilse with the same loudness does not
have the same annoyance according to this method. The smaller
the bandwidth, , the more annoying will be the effect of the noise
according to these results. This is most pronounced for the
gsine tone where the deviatlon of LSt compared with the Y4 octave

wide band noise with the same loudness amounts to 17 dB.

In this case we can also perhaps ralse the cobjection that
it may be a time effect. This is why the time durations for the
narrow band noigse and the comparison noise were exchanged, as
ig shown in Figure 14 for the Case b. The annoyance level¥ 1is
found to be lower than for Experiment a. The difference between a
and b is shown in Figure 15. For bandwidths| up to 3 octaves, it
amounts to about 6 dB. The basic variation of the Curves a and b

¥ According to definition in Sectlon 2, we are no longer dealing
with an annoyance level. Nevertheless, this expression is used
for the acoustic level of the four octave wide band noise for
Case b, for clarity.

17
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Figure 13. Freguency distribution of several noises sensed to
to have the same annoyance

Curve a: 4-octave noise; Curve b: l-octave noise, Curve c: 1-
third noise, Curve d: sine tone

is similar, however, in other words there iz an increase
annoyance level in the case of narrow band noise. Finally,
Curve ¢ in Figure 14 shows an average value for the results of
Experiments a and b. The value of 14 dB obtained for the sine
tone corresponds quite well to the value which was determined
using the classification of sine tones according to the method

given 1n Section 4.

Since the eXxperiments showed that the annoyance of such
noise is not in agreement with the loudness, in Figure 14 we
did not use the loudnegs as & parameter but instead the acoustic
level in dB(A). The curve in Figure 16 shows that the annoyance
level LSt hardly depends on the bandwidth|l of the noise at all,

18
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Curves a and b: for the test installations a and b discussed above,
Curve c: average value of experiment a and b. BR: wide band noise.
SR: narrow band noise. Constant loudness Ap = 80 phon (GD)

except for the sine tone for which Ly, 1is about 4 aB higher than /332
for the noises. The same is true when we consider the average
value of the experiments a and b shown in Figure 14, which is {
shown in Figure 16 as Curve c.

These experimental results do not contradlct previous

experience entirely.

Wells and Blazier [14] also carried ocut experiments on
bothersomeness of bandpass| noise having different freguency
band widths. However, the method described at the beginning of
this article was not used. The results agree with our to the
extent that for a noise with a band width of 1/3, one does not
obtain the value expected according to the loudness. Instead one
obtains a value which is about 20 dB higher compared with a 25
third wide noise.
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Curve a: according to loudness {calculated according to Zwicker),
Curve b: according to the noise level in dB(A), Curve c¢: accord-
ing to the limlting curve method. (Evaluation of the third spectrum
according to noise rating curves). BEvaluation for U-octave wide
band nolise always set = 0

7. CONSEQUENCES FOR THE NOISE EVALUATION

In order to evaluate nolse we have three different methods
available,
a: Evaluation according to loudness
b: Evaluation according to a frequency-weighted acoustic
level,
¢: Evaluation according to limiting curves [15], [16].

The evaluation according to perceived noise level in

PNAB according to Kryter [17] is a modification of Method a,
and different frequency curves are used.
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The methods a to ¢ essentially differ in the way the energy
contributions of the individual freguency ranges of a wilde band
noise are summed., In the case of the loudness we have a very
strong addition according to the (attenuated) loudnesses. In the
case of the acoustic level we have an addition according to energy.
In the case of the limiting curve method only the highest level of
one third or octave 1is important after a certain frequency welght-
ing, and no summation is carried out. The frequency welghting
used 1n the three methods is also different in each case. This
difference, however, is not as great as the difference in the type
of summation. Up to the present, no declision has been made
regarding the usefulness of the three methods for practical
evaluation of industry, nolse and similar noise. The experiments

described here will help to make this decision.

For this purpose we evaluated the noises with different
frequency bandwidths| (see also Figures 13 and 14), which had
been found %o have the same degree of annoyance, according to
the three methods.

Since the absolute value of the evaluation is not important,
we referred everything to the value for the U-octave noise. This
value was set equal to zero for all three methods. Since noises
having the same degree of annoyance were considered, any devia-
tion from the value of zero according to each method must be
considered as an erroneous evaluation of the anncyance. /333
Figure 17 shows the calculated values. We find the result that
the limiting curve methods evaluate the narrow band noises
and the sine tones too harshly compared with the evaluation of
the wide band ncise. The loudness, conversely, results in an
evaluation which is too mild. On the other hand, the annoyance
is correctly evaluated by the acoustic level in dB(A), except
for the sine tone, which is evaluated too mildly by 4 dB{A)
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Based on these results one can assume that industrial noises
and other disturbing long duration noises are better evaluated
according to dB(A) than according to the loudness or according
to the limiting curve method. The erroneous evaluation for
prevalling sine tones which still exists can be reduced by
adding a value to the measured value in dB(A). This increment
does not have to amount to more than 4 4B. This statement first
holds for wide band nolse which does not contain a large number of

individual tones. We will write a special report on such noilse.
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